l e t t e r S For broad protection against infection by viruses such as influenza or HIV, vaccines should elicit antibodies that bind conserved viral epitopes, such as the receptor-binding site (RBS). RBS-directed antibodies have been described for both HIV [1] [2] [3] and influenza virus [4] [5] [6] [7] [8] , and the design of immunogens to elicit them is a goal of vaccine research in both fields. Residues in the RBS of influenza virus hemagglutinin (HA) determine a preference for the avian or human receptor, a-2,3-linked sialic acid and a-2,6-linked sialic acid, respectively 9, 10 . Transmission of an avian-origin virus between humans generally requires one or more mutations in the sequences encoding the influenza virus RBS to change the preferred receptor from avian to human 9, 11, 12 , but passage of a human-derived vaccine candidate in chicken eggs can select for reversion to avian receptor preference [13] [14] [15] . For example, the X-181 strain of the 2009 new pandemic H1N1 influenza virus, derived from the A/California/07/2009 isolate and used in essentially all vaccines since 2009, has arginine at position 226, a residue known to confer preference for an a-2,3 linkage in H1 subtype viruses 13, 14 ; the wild-type A/California/07/2009 isolate, like most circulating human H1N1 viruses, has glutamine at position 226. We describe, from three different individuals, RBS-directed antibodies that recognize the avian-adapted H1 strain in current influenza vaccines but not the circulating new pandemic 2009 virus; Arg226 in the vaccinestrain RBS accounts for the restriction. The polyclonal sera of the three donors also reflect this preference. Therefore, when vaccines produced from strains that are never passaged in avian cells become widely available, they may prove more capable of eliciting RBS-directed, broadly neutralizing antibodies than those produced from egg-adapted viruses, extending the established benefits of current seasonal influenza immunizations.
We studied a large B cell clonal lineage derived from single-cell sorting and paired-chain sequencing of plasmablasts from a participant (Siena patient 7) in a clinical trial of a pdm2009 vaccine produced at Novartis Vaccines 16 . Of the 217 paired-chain, HA-reactive antibody sequences from cells that were drawn 8 d after vaccination 17 , phylogenic analysis 18, 19 assigned 64 to a single clonal lineage, CL6515 (Fig. 1) . Subsequent analysis of day 22, antigen-specific B cells yielded three additional lineage members (Fig. 1) . We examined the course of affinity maturation leading to antibody (Ab) 6639, in the branch with common ancestor I-2 ( Fig. 1, inset) . The three antibodies in this branch, Ab6639 and Ab6643 from day 8 and Ab9174 from day 22, differ from I-2 by 11, 6 and 12 amino acid residues, respectively, and by 15, 10 and 16 residues from the unmutated common ancestor (UCA) of the lineage, as inferred from the phylogeny 18, 19 . The variable (V)-domain sequences of the antibodies that we studied are in Supplementary Figure 1a , and the complementarity-determining region (CDR)-H3 sequences for a larger set from CL6515 are in Supplementary Figure 1b .
Ab6639 neutralized the egg-adapted vaccine strain, X-181, with a concentration of half-maximal inhibition (IC 50 ) of ~0.007 µg/ml, but it neutralized the wild-type pdm2009 strain with an IC 50 ~3.6 µg/ml, thus showing nearly three orders of magnitude less potency for the circulating virus ( Table 1) . This vaccine-strain specificity was found throughout the CL6515 lineage (unpublished data; see legend for Supplementary Fig. 1b) . Three mutations in HA (Asn133Asp, Lys212Thr and Gln226Arg) occurred during the generation of the X-181 vaccine virus (Supplementary Fig. 1c) . The antigen-binding fragment (Fab) of antibody 6639 bound the X-181 HA with a K d ~ 3 µM, but it had no detectable binding to the HA of the wild-type isolate ( Table 1 and Supplementary Figs. 2 and 3) . We could restore affinity to the latter by mutating Gln226 to arginine ( Table 1 and Supplementary Fig. 3 ). This result shows that Arg226 in the HA RBS is crucial for Ab6639 binding to pdm2009. Arg226 is not the sole determinant of binding, however, as Fab6639 failed to bind the HA of the vaccine strain derived from A/Solomon Islands/03/2006, an H1N1 isolate that preceded the emergence of pdm2009 in humans;
Influenza immunization elicits antibodies specific for an egg-adapted vaccine strain l e t t e r S 1 4 6 6 VOLUME 22 | NUMBER 12 | DECEMBER 2016 nature medicine similarly to X-181, the vaccine strain from that isolate acquired arginine at position 226 ( Supplementary Fig. 1c) . We also found a preference for X-181 in the hemagglutination inhibition (HAI) strength and neutralization titer of polyclonal sera from Siena patient 7. For example, at day 22, the HAI titer for X-181 was fourfold higher than it was for wild-type A/California/07/2009; the neutralization titers had essentially the same ratio (Supplementary Table 1 ). The vaccine strain preference was still evident in serum drawn at day 202. The vaccine-induced titers for the wild-type strain were also substantial; at least part of this reactivity was probably due to antibodies recognizing epitopes other than the RBS.
We crystallized the monomeric X-181 HA ( Supplementary Fig. 4 ) in complex with Fab6639 and determined its structure (Fig. 2) . As predicted by the effect of the Gln226Arg mutation, Ab6639 contacts the RBS. The two complexes in the asymmetric unit were nearly identical but allowed for two independent views of the molecular interactions between the Fab and HA. Ab6639 engages the HA RBS primarily through its CDR-H3 loop, with additional hydrogen bonds with CDR-L2 and CDR-L3. Although a glutamic acid residue (Glu104) on CDR-H3 projects into the sialic acid pocket, it does not interact with Thr136, as do the aspartic acid residues on those heavy chains that more closely mimic receptor contacts 7, 8 . It instead receives hydrogen bonds from His183 and from the phenolic oxygen of Tyr98, the end point of a conserved chain of hydrogen bonds lining the base of the receptor site from Trp153 to Tyr195 to His183 to Tyr98 (ref. 20) (Fig. 2b,c) . A van der Waals contact with Leu194 further fixes its position (Fig. 2d) .
An adjacent polar network centers on Arg226, the critical mutated residue (Fig. 2b,c) . Hydrogen bonds with Oγ of Thr136 and the main-chain carbonyl of Asp225, as well as stacking of its aliphatic segment on Tyr98, buttress the Arg226 side chain, positioning it to donate hydrogen bonds to the carbonyl group of heavy-chain residue 103. The guanidinium group stacks on the peptide bond between heavy-chain residues 104 and 105; its positive charge may contribute to stabilization of the carboxylate of Glu103, which loses solvent accessibility when the antibody binds HA.
The various contacts just described can explain the specificity of this antibody for the egg-adapted strain and its low affinity for pdm2009. Gln226 would lack most or all of the interactions with CDR-H3 that seem to contribute to binding; model building does not suggest any compensatory contacts. Interactions with the 190-helix (Fig. 2d) (SHM) for many of the day 8 antibodies in the 'lower' part of the tree in Figure 1 is about 7%, larger than estimates for the outcome of a primary response (generally considered to be no greater than about 2.5%; refs. 21-23); the subtree from which Ab6639 arose has about 3% SHM. The day 22 antibodies do not have a greater extent of SHM than that of their close siblings in the lineage ( Fig. 1) . We conclude, as also inferred from kinetics of the serological response 16 , that despite no prior exposure of the vaccine recipient to the pdm2009 HA, immunization with X-181 elicited a recall from memorypresumably of a previous exposure to seasonal HAs (either by infection or vaccination). CL6515 might have arisen from vaccination with a previous, eggadapted HA or from infection by a much earlier H1 strain. We examined a series of historical isolates to determine whether the inferred UCA of the lineage has detectable affinity for the head of any of the corresponding HAs. The UCA bound the HA of A/USSR/92/1977 ( Table 1 and Supplementary Fig. 5 ); this strain, which reintroduced H1N1 viruses into human circulation after displacement by H2N2 in 1957 (refs. 24-26) , has a glutamine at HA position 226. Ab6639 and Ab9174 also neutralized A/USSR/92/1977, although the UCA of the lineage, which bound less tightly than its affinity-matured progeny, did not ( Table 1) . Siena patient 7 was born in 1975; the 1977 virus or a related strain is the first H1 subtype to which that person could have been exposed.
We have previously shown that the UCAs of six different, RBSdirected antibody lineages from a participant in a 2008 US study bind relatively strongly to the HAs of the seasonal strains that were circulating when that person was an infant 6 . Binding of the UCA of CL6515 to the 1977 virus suggests that, in this case as well, an initial exposure produced memory recall in response to vaccination many years later. The result further suggests that a vaccine with Arg226 can subvert a response to a Gln226-containing circulating virus, by inducing affinity maturation that generates selectivity for the vaccine strain. Previous vaccination of the donor with seasonal vaccines that included an H1N1 HA with Arg226 might already have selected for the switch in specificity.
We could extend the conclusions just described by analyzing antibodies specific for the X-181 vaccine strain found in studies of the serum-antibody repertoires of two US donors who had received a 2011-2012 trivalent vaccine (ref. 27 and Online Methods). Figure 3a shows the relative abundances of anti-H1 IgG CDR-H3 clonotypes detected in the day 28 serum of donor 1 following enrichment by affinity chromatography with an immobilized H1 vaccine component (ref. 27 and Online Methods). We selected at random three antibodies representing clones with high (D1 H1-2), medium (D1 H1-12) and low (D1 H1-53) abundance in the serological repertoire, respectively. We found that all three were specific for X-181 (Fig. 3b) ; we did not detect any of the three in our analysis of the pre-immunization samples. All three antibodies bound HA from X-181, which has arginine at position 226, but none bound the circulating-strain HA, which has glutamine at 226 ( Table 1) . Their neutralization profiles were also X-181 specific ( Table 1) . Another antibody, D2 H1-45, from a second donor (one of three antibodies selected for expression at random from that donor's serum antibody repertoire; the other two had a different epitope specificity) also potently neutralized the X-181 virus and neutralized the circulating strain only weakly ( Table 1) . Table 1 shows the affinities of Fabs from the donor 1 antibodies for the X-181 and wild-type pdm2009 HAs and for the latter with a Gln226Arg mutation. The pattern of affinities matches that of Fab6639, and the sensitivity to the mutation at position 226 shows that the antibodies are RBS directed. The aligned sequences of the four heavy-and light-chain variable domains are in Supplementary Figure 6 . The prevalence of antibodies specific for X-181 suggests that they may be a major component of the serum response to vaccination. Indeed, the polyclonal serum response at days 7 and 28, as monitored by HAI assays, was also stronger for X-181 than for wild-type pdm2009 (Supplementary Table 1 ). The extent of SHM (overall nucleotide changes of 5.8%, 3.8%, 4.5% and 4.5%, respectively, in the heavy-chain variable domain) indicates that these antibodies, like Ab6639, are part of a secondary response. Neither donor reported a history of pdm2009 exposure, and the antibodies we have studied, similarly to the lineage from the Siena participant 16 , probably illustrate 'redirecting' of a previous, seasonal response.
The most notable conclusion from this study is that many vaccineelicited antibodies fail to bind or neutralize the corresponding circulating strain, because of their specificity for a mutation that adapted the vaccine strain for growth in chicken eggs. Of the three altered amino acid residues in HA of the X-181 egg-grown vaccine strain, only Arg226, a well-documented mutational adaptation to the avian receptor, affected binding of the antibodies we have characterized. Our finding reinforces concerns, raised by early comparisons of egggrown and mammalian-cell-grown viruses 13 , that general use of eggadapted viruses for vaccine production might misdirect part of the response. Even influenza vaccines currently produced in mammalian l e t t e r S cell culture mostly derive from candidate vaccine viruses that were propagated in eggs. A second conclusion is that the very large B cell clonal lineage from the Siena cohort participant, CL6515, and the serum antibodies from the US 2011-12 cohort, come from recall responses, rather than from primary responses to the pdm2009 vaccine. The UCA of CL6515 binds the 1977 USSR strain that reintroduced H1N1 viruses into circulation. That virus, or a related strain from the late 1970s or early 1980s, is the first H1N1 virus that the participant would have encountered as an infection.
RBS-directed antibodies can afford broad serological responses to H1N1 strains 7 . Because of possible changes in the RBS when potential vaccine strains are passaged in eggs, conventional influenza virus vaccines may elicit such antibodies less effectively than those that are produced, from initial virus isolation to antigen production, exclusively in mammalian cells.
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Methods, including statements of data availability and any associated accession codes and references are available in the online version of the paper. Accession codes. Protein Data Bank (PDB): coordinates and diffraction data have been deposited under accession codes 5IBL (for X-181 with Fab6639), 5IBT (UCA) and 5IBU (Fab 6652). GenBank: gene sequences encoding the antibodies described in Supplementary  Figure 1 have been deposited under accession codes KU948663 through KU948678.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
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Cloning, expression and purification of Fabs. Variable and constant domains of the heavy and light chains of Fab regions of monoclonal antibodies were amplified from expression vector pcDNA 3.1 and cloned into the modified pVRC8400 expression vector, between a tissue plasminogen activation signal sequence and a C-terminal noncleavable 6× histidine (6×His) tag. Fabs were produced by transient transfection of 293T cells that have been adapted for suspension culture, using polyethylenimine (PEI) as the transfection reagent. The supernatant was harvested 6 d after transfection and clarified from cellular debris by centrifugation at 4,200 r.p.m. for 20 min. Fabs were purified using Ni-NTA agarose followed by gel filtration chromatography on a Superdex 200 column (GE Healthcare). Purified Fabs were concentrated to >15 mg/ml and stored at 4 °C until needed.
Cloning, expression and purification of hemagglutinin. Codon-optimized cDNA-encoding the ectodomain of pdm2009 HA, containing a human rhinovirus protease 3C cleavage site, a trimerization domain from T4 fibritin (foldon) and a C-terminal 6×His tag, and synthesized by GenScript-was subcloned into a pFastBac vector modified for ligation-independent cloning (LIC). The construct encoding HA from strain X181 was produced by site-directed mutagenesis of three residues in the wild-type plasmid. Trichoplusia ni (Hi5) cells were infected with a high-titer P3 stock of recombinant baculovirus. 72 h after infection, the supernatant was harvested, clarified by centrifugation and loaded onto Ni-NTA sepharose resin (Qiagen). The bound protein was washed with 20 column volumes of PBS supplemented with 20 mM imidazole before elution with phosphate-buffered saline (PBS) supplemented with 500 mM imidazole. The eluted protein was dialyzed into PBS and incubated overnight with PreScission protease at a ratio of 1 unit to 100 µg of HA to remove the foldon trimerization and 6×His tags. HA was repurified by orthogonal Ni-NTA agarose chromatography followed by gel-filtration chromatography using a Superdex 200 column. The purified protein was concentrated to >10 mg/ml and stored at 4 °C until needed. Production of globular 'head' versions of HA is described elsewhere 32 . The purified HA 0 was not further processed to HA 1 and HA 2 .
Hemagglutination-inhibition assay. Hemagglutination and HAI assays were performed according to standard World Health Organization methods 33 . Four HA units (HAU) of H1N1 were tested using a 0.5% suspension of turkey red blood cells in 1× PBS. HAI titers were reciprocals of the highest dilutions of sera that inhibited hemagglutination. Post infection human plasma was treated with receptor-destroying enzyme (II) from Denka Seiken Co.
Microneutralization assay. Madin-Darby canine kidney (MDCK) cells were cultured in suspension in a proprietary medium with shaking at 37 °C. Prior to the assay, cells were pelleted and resuspended in Dulbecco's modified Eagle's medium (DMEM) (Lonza, 12-604F) with 10% FBS and penicillinstreptomycin (Lonza, 17-602E). A half-area microtiter plate (Corning, 3696) was seeded with 2 × 10 4 cells and incubated for 6 h at 37 °C. Antibodies were normalized to a concentration of 100 µg/ml in DPBS (Lonza, 17-512F). Fourfold serial dilutions of the antibodies were performed in DMEM with 1% bovine serum albumin (Rockland, BSA-30) and penicillin-streptomycin starting at a concentration of 25 µg/ml. Antibody dilutions were incubated with virus for 2 h at 37 °C and added to cells after replacing the medium with DMEM-BSA-penicillin-streptomycin. After overnight incubation at 37 °C, the supernatant was aspirated, and the cells were fixed with a 1:1 mixture of acetone (Sigma, 320110) and methanol (Sigma, 179957) for 1 h at −20 °C. Plates were washed with DPBS with 0.05% Tween-20 (Sigma, P1379), blocked with DPBS with 2% BSA, and stained using anti-influenza A nucleoprotein (Millipore, MAB8251) followed by Alexa-Fluor-488-conjugated goat antimouse IgG (H+L) Ab (Invitrogen, A11001). Stained foci were counted with an ImmunoSpot Analyzer (CTL). Results were summarized as the ratio (×100) of infected cells present in a given sample to the average in the control wells without antibody for that plate (% infectivity). Table 1 reports the concentration of antibody at which the percentage of infectivity fell to 50. All neutralization assays were carried out with a minimum of three replicates.
Crystallization, data collection and structure determination for Fabs of Ab6652 and the UCA of CL6515. The heavy chain of Ab6652 is identical to those of antibodies 6709, 6800 and 6802; an ambiguity in the paired lightchain sequence caused Ab6652 to be omitted from Figure 1 . Ab6652 probably represents its three immediate siblings quite accurately. We include the structure determination here, because it was used for molecular replacement (MR) in determining the structure of the X-181:Fab6639 complex. Fab6652 crystallized in space group P2 1 from 0.1 M sodium citrate pH 5.6, 20% PEG 4000, 20% isopropanol and 10% glycerol as a cryoprotectant. We determined the structure by MR with Phaser using a hybrid Fab from PDB 4HP0 and 4FQL. Statistics for the diffraction intensities and model refinement are in Supplementary Table 2 . The UCA of the lineage crystallized in space group P2 1 2 1 2 1 from 0.5 M NaCl, 0.05 M Tris-HCl pH 8.5, 22% PEG 4000 and 20% glycerol as a cryoprotectant. We determined the structure by MR with the Fab6652 coordinates; statistics for the diffraction intensities and model refinement are in Supplementary Table 2. Crystallization of X-181:Fab6639 complex. We incubated Fab of Ab6639 with X-181 HA ectodomain at a molar ratio of 1.3:1, separated the complexes from excess Fab by gel filtration and concentrated the protein to 13 mg/ml. Crystals of the complex grew in 3 d, by hanging-drop vapor diffusion at 20 °C, from a 1:1 mixture of the concentrated complex and reservoir solution containing 12% (wt/vol) PEG 8000, 10% (wt/vol) 2-methyl-2,4-pentancediol and 25 mM KH 2 PO 4 . The crystals were cryoprotected by soaking for 5 s in a reservoir solution augmented with 25% glycerol, harvested into loops and flashed-cooled by plunging into liquid N 2 .
Data collection and structure determination. Diffraction data were collected at 100 °K on NECAT 24-ID-C at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL). Diffraction images were indexed, integrated and scaled using XDS 34 . Models of pdm2009 (PDB 4EDA), separated into head and stem, and Fab6652 were used as MR probes in PHASER 35 . Density modification with DM 36 and model rebuilding to fit the modified map with O 37 yielded coordinates that we refined using BUSTER (Global Phasing Ltd., Cambridge, UK) with twofold noncrystallographic symmetry (NCS) restraints and translation-libration-screw (TLS) parameterization of molecular motion. We used PyMOL (Schrödinger, New York, NY) to align structures and generate figures. Statistics for data and refinement are in Supplementary Tables 2 and 3. Biolayer interferometry experiments and affinity analysis. We measured affinities by biolayer interferometry (BLI) on a QKe instrument (ForteBIO, Pall Corporation). We used 96-well black, half-area microplates (Greiner Bio-one), immobilized purified 6×His-tagged Fab on a Ni-NTA biosensor, and plunged each biosensor into a well containing 150 µl of serial dilutions of untagged purified HA ectodomain or the globular 'head' construct until saturation. All experiments were done with controls using no Fab or no HA. We Table 1 , K d measurements were carried out by fitting binding curves from eight concentrations, for CL6515 Fabs, as shown in Supplementary Figures 2, 3 and 5, and from six concentrations for Donor 1 Fabs; s.d. are from the nonlinear least-squares fit described in the subsection on BLI experiments and affinity analysis. In Table 1 and Supplementary Table 1, microneutralization assays were carried out with at least four replicates in at least two separate experiments.
Data availability. Diffraction data are included in the Protein Data Bank depositions. Antibody sequences were deposited in GenBank. Plasmids for protein expression are available upon request.
